Background. Before the era of the Fontan procedure, the typical course of patients with single left ventricle (LV) consisted of heart failure and death during the second or third decade of life. Despite the advent of effective palliative therapy, ventricular dysfunction remains a significant clinical problem for these patients.
B efore the development of palliative surgical pro- cedures, most patients with single ventricle died within the first year of life.1 The ability to regulate pulmonary blood flow with either a systemicto-pulmonary artery shunt or a pulmonary artery band has dramatically improved life expectancy for these patients. 2 Although such palliative procedures improve short-term survival, without further interventions most patients die during the second decade of life with myocardial failure.2 Single-ventricle physiology before and after palliative surgery is characterized by the combination of cyanosis and left ventricular (LV) volume loading, with a ventricular output 2-3 times normal. Creation of a direct connection between systemic venous return and the pulmonary arteries with either a partial (Glenn) or complete (Fontan) cavopulmonary diversion reduces volume load and sometimes reduces cyanosis but may not improve ventricular function. 3 The purpose of this study was to investigate the ventricular mechanics, including size, shape, and contractile function, in patients with single LV before and after a Fontan-type repair and to correlate these parameters with age, age at Fontan, and the degree of cyanosis before Fontan.
Methods
A cross-sectional study design was used. All patients with double-inlet LV (DILV) or tricuspid atresia (TA) who had an echocardiogram performed at Children's Hospital in Boston between January 1987 and July 1990 with adequate images for quantitative analysis were selected by review of the computerized cardiology data base. Patients with systemic outflow tract obstruction or uncontrolled arrhythmia were excluded.
Data Collection
Echocardiographic data were collected by previously described methods.4-12All subjects <2 years of age were sedated with chloral hydrate (50-100 mg/kg). Sedation was used in older patients as needed. Complete Doppler and two-dimensional echocardiographic examinations were performed with a Hewlett-Packard 77020 or Acuson 128 cardiac imager and recorded on 0.5-in. videotape. Standard short-and long-axis views of the LV were recorded to assess regional wall motion and for calculation of LV mass and volume. In addition, in patients with a circular LV in short-axis views and no evidence of regional wall motion abnormalities, a highspeed (100-mm/sec) two-dimensional directed M-mode recording of the LV minor axis with simultaneous ECG, phonocardiogram, and indirect carotid pulse tracing (or axillary pulse tracing in patients <4 years of age) was recorded for quantitative analysis. Systolic and diastolic blood pressures were obtained using a Dynamap 845 vital signs monitor. The hospital records and catheterization reports of each patient were reviewed. The most recent aortic oxygen saturation obtained before surgery was recorded.
Data Analysis
M-mode analysis of LV dimensions, thickness, and stress. The pulse tracing, the anterior and posterior LV endocardial borders, and the epicardial border of the LV posterior wall were hand digitized with a microcomputer-based digitizing station with custom software. This system is programmed to adjust the tablet sampling rate to 200 Hz, which is adequate to obtain at least 50 nonaliased harmonics at heart rates <120 beats per minute. The pulse transmission delay was corrected by electronically aligning the dicrotic notch of the pulse tracing with the first high-frequency component of the second heart sound of the phonocardiogram. Endsystolic pressure was calculated from the calibrated pulse tracing as previously described.8-10 The LV longaxis dimension was measured from apical two-dimensional echocardiographic images at end diastole and at end systole. From the digitized data, the following measurements were obtained throughout ejection by averaging three to six cardiac cycles: LV short-axis diameter, LV posterior wall thickness, and LV pressure. End-systolic LV meridional wall stress (ESSm) and LV circumferential wall stress (E$SJ) were calculated according to Grossman et al13 and Mirsky et al14:
where P is pressure in millimeters of mercury, D is dimension in centimeters, h is the wall thickness in centimeters, and 1.35 is the conversion factor from millimeters of mercury to grams per square centimeter. End-systolic values were determined at the time of aortic valve closure, and end-diastolic values were determined at the time of maximum LV dimension. The LV fractional shortening (FS) was calculated as (EDD-ESD)/EDD, where EDD is end-diastolic shortaxis dimension and ESD is end-systolic short-axis dimension. LV ejection time was measured from the pulse tracing and adjusted to a heart rate of 60 beats per minute by dividing by the square root of the RR interval on the ECG. The rate-adjusted mean velocity of shortening (VCFC) was calculated as FS divided by the rate-adjusted ejection time.
Indexes of contractility and preload. The relation between VCFC and ESSC has been shown previously to be an index of contractility that is relatively independent of preload and incorporates afterload. 15 The value of the ESSC-VCFc relation (stress-velocity index, SVI) for each patient was determined relative to the previously reported distribution of this index in normal subjects 1-19 years old5 and expressed as the normal deviate or Z score (the number of standard deviations from the population mean VCFC for the ESS,). In contrast, the relation between FS and ESSC (stress-shortening index, SSI) is an afterload-adjusted index of contractility that is also sensitive to alterations in preload.4,612 The SSI was also determined relative to the normal range for our laboratory and expressed as the Z score. The difference in the Z score of the SSI and SVI was determined as the functional preload index4 (FPI=SSI-SVI), reflecting the fact that FS is related to end-diastolic fiber stretch (preload), whereas VCFC is not. The difference between the ESSC-FS relation (SSI) and the ESSC-VCF, relation (SVI) therefore reflects the functional consequences of altered preload.
Two-dimensional echocardiographic determination of LV mass and volume. Two-chamber and four-chamber long-axis images of the LV from apical or subxyphoid windows were digitized from videotape by use of a video digitizing and analysis device (Dextra 200 Analysis System, Dextra Medical Inc.). End-diastolic and endsystolic frames were defined as the frames showing the largest and the smallest LV silhouettes, respectively. After calibration, endocardial and epicardial borders of the LV were hand digitized at end systole and end diastole. The LV mass, end-systolic volume (ESV), and end-diastolic volume (EDV) were calculated according to a modified biapical Simpson's rule using one fourchamber and one two-chamber long-axis view in orthogonal planes.16 LV mass was determined as the total volume bounded by the epicardium minus cavity volume times specific gravity of myocardium (1.04 g/ml). Ejection fraction was determined as (EDV-ESV)/EDV.
The results were compared with the values obtained using the same method in normal subjects in our laboratory and expressed as percent of expected normal value for body weight.17"18
Statistical Analysis
Linear and multiplicative regression analyses were used to examine the relation between age, aortic oxygen saturation, age at surgery, and the echocardiographic variables, as well as interrelations among the derived short-axis dimension in centimeters. L is the long-axis end-diastolic volume; EF, ejection fraction; LV mass, left ventricular mass; M: V ratio, diastolic left ventricular mass-to-volume ratio; diastolic shape, diastolic long-to-short axis ratio; systolic shape, systolic long-to-short axis ratio; EDD, end-diastolic short-axis dimension; thick/dim, ratio between diastolic posterior wall thickness and diastolic short-axis dimension; ESSm, end-systolic meridional wall stress; ESSm-Z, Z score of end-systolic meridional wall stress (SD from normal); ESSC, end-systolic circumferential wall stress; ESS,-Z, Z score of end-systolic circumferential wall stress (SD from normal); FS, shortening fraction; VCFC, rate-adjusted velocity of fiber shortening (circumferences/sec); SSI, shortening fraction-end-systolic circumferential wall stress relation (SD from normal); SVI, velocity of shortening-end-systolic circumferential wall stress relation (SD from normal); FPI, functional preload index. Data are group mean±SD for each age subgroup, classified according to age at the time of the echocardiogram before Glenn or Fontan operation. *Significant difference with group 1; tsignificant difference with group 2; tsignificant difference with group 3. variables. The significance of changes in the echocardiographic variables related to age and aortic oxygen saturation were examined with MANOVA. Differences between groups were tested with a nonpaired t test, with a value ofp<0.05 considered significant. The results are presented as mean+SD unless otherwise specified.
Results

Population Description
There were 84 patients in the study: 37 evaluated only after palliative surgery (no cavopulmonary diversion), 30 evaluated both before and after Fontan or Glenn operation, and 17 evaluated only after Fontan or Glenn. Thus, in the 67 patients who had not yet undergone a Glenn or Fontan procedure, measurements were obtained from two-dimensional echocardiograms in 67 patients, and 47 patients had M-mode measurements, at ages ranging from 0.2 to 30 years old (the population was divided into five groups according to age, and results are presented in Table 1 ). For these patients, previous surgery included systemic-to-pulmonary shunts (40 Blalock-Taussig shunts, five Gore-tex central shunts, four Waterston shunts, one Potts shunt), pulmonary artery band (n=23), atrial septal defect enlarge-ment (n=6), direct aortic-to-pulmonary anastomosis for relief of subaortic obstruction (n = 14), and aortic coarctation repair (n=4). For patients with surgery to relieve LV outflow obstruction, surgery preceded the date of evaluation by 1-69 months (mean, 20-'15 months).
Repair of aortic coarctation had been completed 9-91 months before evaluation (mean, 31+t28 months).
Two-dimensional echocardiographic measurements were obtained in a total of 47 patients 15 days or longer (median, 4.4 years) after a Glenn or a Fontan operation. A total of 38 patients were evaluated after a Fontan operation, 22 of whom had both preoperative and postoperative studies and 16 of whom had only postoperative evaluation. Nine subjects were evaluated after unilateral or bidirectional Glenn anastomoses, eight of whom also had preoperative studies. M-mode measurements were available in 25 patients after a Fontan (n=18) or Glenn (n = 7) operation. The population was divided into subgroups according to age at surgery and type of surgical repair. These results are presented in Table 2 .
For the 17 older subjects who could reasonably be evaluated for functional status by standard criteria and had previously had either a Fontan or Glenn operation, , patients in whom a Fontan operation had been performed before 10 years of age; Fontan >10, patients in whom a Fontan operation had been performed after 10 years of age; 02 sat, oxygen saturation; EDV, end-diastolic volume; M: V ratio, diastolic left ventricular mass-to-volume ratio; EF, ejection fraction; sys shape, end-systolic long-to-short axis ratio; dia shape, diastolic long-to-short axis ratio; EDD, end-diastolic short-axis dimension; thick/dim, diastolic posterior wall thickness/short axis dimension ratio; ESBP, end-systolic blood pressure; ESSC, end-systolic circumferential wall stress; FS, shortening fraction; VCFC, rate-adjusted velocity of fiber shortening (circumferences/sec); SVI, velocity of shortening-end-systolic circumferential wall stress relation (SD from normal). Values are group mean±SD. *Significant difference from palliated group (p<O.05).
New York Heart Association (NYHA) functional classification was class I in seven patients, class II in five patients, and class III in six patients. The NYHA class was related to ejection fraction, with a mean ejection fraction of 55% in the class I group, 49% in the class II group, and 35% in the functional class III patients. This relation was significant at the 0.001 level by logistic regression analysis. 1]) than patients with TA. However, contractility (SVI) was similar in the two groups. The other echocardiographic variables did not differ significantly between the two groups. After a Fontan-type repair and after adjustment for age at Fontan, no significant differences were noted between the two groups for any of the above-described indexes.
Although assessment of stress-shortening and stressvelocity relations was not available in all subjects, twodimensional echocardiographic measurements before and after surgery did not differ significantly between the patients who underwent concomitant M-mode echocardiography and those who did not, indicating that the former subgroup was representative of the population.
Results Before Fontan Surgery
LV size and shape. Mean short-axis end-diastolic and end-systolic dimensions were 1.4-1.8 times normal (Table 1). LV end-diastolic and end-systolic volumes were 2-3.5 times normal. The ESD increased disproportionately relative to body size, whereas the end-systolic long-axis dimension maintained the expected relation to body size (Figure 1 ). The end-systolic long axis-toshort axis ratio therefore decreased with age from normal (1.9) toward unity, indicating the development of a spherical shape of the ventricle (r<0.55,p<0.001).
LV wall stress. After 2 years of age, both end-systolic ESSm and ESSC were abnormal (ESS. Z score, 4±0.86 SD and ESSm Z score, 5.18±1.08 SD) because of a decrease of thickness-dimension and mass-volume ratio with no change in end-systolic pressure. ESSC, although elevated, increased less than ESSm as LV sphericity increased (i.e., the LV developed a less ellipsoidal and more spherical configuration). The ratio of ESSC to ESSm fell from 1.3 to 1.0 (r= -0.4, p<0.01), the stress ratio of a sphere at equilibrium. Indexes of LV function and contractility. Ejection fraction, shortening fraction, and velocity of shortening decreased with age. Although the fall in systolic performance was partly a result of the rise in afterload (end-systolic stress), as shown in Figures 2 and 3 , it was more than could be explained by changes in afterload alone. This fall in the stress-adjusted shortening fraction (SSI) and velocity of shortening (SVI) indicates progressive impairment of contractility. In fact, for the group as a whole, contractility dropped below the 95% confidence interval after age 8. the time of the echocardiogram (years); 02 sat, aortic oxygen saturation (%); systolic shape, systolic long-to-short axis ratio; diastolic shape, diastolic long-to-short axis ratio; thick/dim, diastolic posterior wall thickness-short axis dimension ratio; M: V ratio, diastolic left ventricular mass-to-volume ratio; ESSm, end-systolic meridional wall stress (g/cm2); EF, ejection fraction (%); FS, fractional shortening (%); VCFC, rate-adjusted velocity of fiber shortening (circumferences/sec); SSI, shortening fraction-end-systolic circumferential wall stress relation (SD from normal); SVI, velocity of shorteningend-systolic circumferential wall stress relation (SD from normal); EDV, end-diastolic volume (% of normal); FPI, functional preload index (SD from normal).
Aortic oxygen saturation, reflecting the relative pulmonary blood flow in single-ventricle physiology, was correlated with FPI, a functional index of the ventricular preload (r=0.4, p<0.05) ( Table 3 ). Aortic oxygen saturation and FPI were inversely correlated with contractility (SVI) (r= -0.41,p<0.02 and r= -0.6,p<0.001, respectively); i.e., more severely impaired contractility was found in the presence of higher arterial oxygen saturation and LV volume load.
The LV mass-volume ratio and long axis-short axis ratio at end systole were directly related (r=0.54, p<O.OOOl); i.e., the LV mass-volume ratio was lower in patients with a more spherical ventricular configuration. A spherical shape was also associated with decreased ventricular function and contractility, illustrated by the high positive correlation of the ratio of long to short axis with all indexes of LV function and contractility (ejection fraction, FS, VCFC, SVI, SSI).
Results After Fontan-Type Surgery
LV size and shape. After Fontan surgery, the LV short-axis dimension decreased from approximately 1.5 times normal down to 1.2 times normal (p<0.001). Similar evolution of ventricular volume was observed, decreasing from approximately 3 times down to 1.6 times normal (p<0.001) ( Table 2) . A similar reduction of LV volume and dimension occurred after unilateral and bidirectional Glenn performed before the age of 10 years. However, in two older patients (ages, 17 and 18 years), LV volumes did not decrease after a bidirectional Glenn operation. Age (years) FIGURE 2. Scatterplot showing evolution of contractility with age in single left ventricle before a Glenn or a Fontan operation. In patients with single left ventricle, aging is associated with a significant impairment of contractility (SVI) estimated from the relation between the velocity of shortening and the circumferential end-systolic wall stress (r=0.5, p<O.O1). The dotted lines represent the 95% confidence interval of the distribution of contractility (SVI) in normal subjects.
In patients who were >10 years old at the time of surgery, Fontan repair was associated with restoration of a more normal, ellipsoidal ventricular shape. The ratio of LV long to short axis was significantly higher (1.37±0.08) after Fontan than in the group of subjects who had undergone palliation with systemic-to-pulmonary shunt (1.08 0.04, p<0.001). five groups ofpatients classified by age (<2, age <2 years old; 2-5, age between 2 and 5 years; 5-10, age between 5 and 10 years; 10-15, age between 10 and 15 years; >15, age more than 15 years) and after a Fontan operation (closed circles) performed before the age of 10 years (F<10) or after the age of 10years (F>10). The continuous and dotted lines represent the 95% prediction limits and the mean value of VCFC for ESSC in normal subjects. Before Fontan repair, aging is associated with a fall of VCFC, secondary to a rise ofafterload (group 2-5) and secondary to decreased contractility later in life as indicated by a greaterfall of VCFC than expectedfor the level of afterload (ESSc). After Fontan repair performed before 10 years old (group F<10), VCFC is in the low range of normal. After Fontan operation performed after 10 years old (group F>10), the contractility remains abnormal.
LV wall stress. In patients who underwent a Fontan repair before 10 years of age, end-systolic stress (ESSC and ESSm) was significantly lower after surgery (p<0.01) because of a decrease in LV dimensions and an increase of LV thickness-dimension ratio. In contrast, patients who were older than 10 years at the time of Fontan repair had higher levels of end-systolic wall stress than the preoperative group, although this did not attain statistical significance.
Indexes ofLVfunction and contractility. After Fontan surgery, all indexes of LV function (ejection fraction, FS, VCFC) were strongly correlated in an inverse fashion with age at surgery (Table 4 ). In patients who underwent surgery before 10 years of age, these parameters improved because of the combined effects of a significant decrease in afterload (ESSC) as well as augmentation of myocardial contractility (SVI after palliative surgery only, -3.3+0.5 SD; after Fontan surgery, -1.5 +0.7 SD, Figure 3 ). In subjects who had a Fontantype operation after 10 years of age, however, LV function was not significantly better than in the patients with palliated single ventricle ( Table 2) . LV contractility (SVI) after Fontan surgery was also a function of the aortic oxygen saturation measured before (1 day to 1 year; median, 4 months) Fontan surgery. Multiple regression analysis showed that higher aortic oxygen saturation before surgery was associated with impaired contractility after Fontan (r=-0.66, p<0.05), independent of the age at surgery. Discussion Patients with single LV experience a significant ageand load-related deterioration in myocardial mechanics characterized by progressive development of a more spherical LV shape, increased wall stress, and impaired ventricular function and contractility. Although the Fontan procedure allows recovery of LV function in some patients, this recovery is dependent on the age at surgery and the degree of LV volume loading before surgery.
This study confirms that progressive impairment of systolic function in single LV begins early in life.1920 A significant incidence of abnormal LV function was noted after 4 years of age, caused not only by excess afterload but also by depressed contractility, as indicated by a greater fall in the extent and velocity of shortening than could be explained by the increase in wall stress. The rate of progression to depressed contractility was related to the magnitude of augmentation of pulmonary blood flow. LV systolic dysfunction appears to result at least in part from volume overload and worsens with the duration and magnitude of volume overload.
Fontan21-23 and Glenn24 procedures performed early in life were associated with restoration of normal afterload and normalization of contractility in most patients as previously described.2025 Ventricular volumes and dimensions decreased significantly but remained above normal values. In contrast, although some patients who underwent surgery after 10 years of age improved, there was much less tendency for reversal of abnormal LV mechanics. Ventricular systolic performance was adversely affected by older age at surgery and by high preoperative aortic oxygen saturation, indicating that high oxygen saturation does not prevent progressive LV SAge, age at surgery (years); 02 sat, aortic oxygen saturation before Fontan surgery (%); systolic shape, systolic long-to-short axis ratio; diastolic shape, diastolic long-to-short axis ratio; thick/dim, diastolic posterior wall thickness-dimension ratio; M: V ratio, diastolic left ventricular mass-to-volume ratio; ESSC, end-systolic circumferential wall stress (g/cm2); ESS,-Z, Z score of end-systolic circumferential wall stress (SD from normal); EF, ejection fraction (%); FS, shortening fraction (%); VCFC, rate-adjusted velocity of fiber shortening (circumferences/sec); SVI, velocity of shortening-end-systolic circumferential wall stress relation (SD from normal).
dysfunction. These results are in keeping with the observation that age at surgery is a unique risk factor for late decline in survival after what appears to be an otherwise optimal Fontan repair. 26 The clinical outcome early after Fontan operation appears to be at least in part related to diastolic ventricular function.27 Factors favorable to systolic function but detrimental to diastolic function, such as high mass-volume ratio and an ellipsoidal shape, are usually observed in younger patients. This could contribute to the higher early postoperative morbidity from pericardial and pleural effusions that has been reported after Fontan operation in young patients. [27] [28] [29] In the absence of a Fontan operation, the shape of the LV in patients with single LV evolves with age from ellipsoidal to spherical, associated with deterioration of systolic performance and contractility. Development of a spherical LV configuration has been noted in other clinical settings such as severe LV failure associated with volume overload from large ventricular septal defect,30 aortic regurgitation,31 idiopathic dilated cardiomyopathy,32 mitral regurgitation,33 and TA. 34 It is not known, however, why the transition from ellipsoidal to spherical shape occurs. Evolution toward a spherical configuration might relate to factors external to the heart. The clinical conditions associated with a spherical LV invariably have associated LV dilation, such as in subjects with single ventricle who experience enlargement of the LV chamber to accommodate the combined systemic and pulmonary blood flows. The consistent relation between the LV long-axis length and body size suggests that the positions of the pericardial apex and of the base of the heart are constrained by thoracic structures and that the pericardium can expand only laterally.34 It is clear, however, that not all subjects with marked dilation experience the same change in shape, suggesting that other factors may be involved. Enlarged LV volume in the absence of commensurate increase in LV mass results in a rise in wall stress in both the meridional and circumferential orientations. The ratio of ESS, to ESSm stress is 2.0 in a cylinder,35 approximately 1.3 in the prolate ellipsoid typical of a normal heart, and 1.0 in a sphere. 36 Wall stress that exceeds the passive and tensile forces that normally maintain the prolate ellipsoidal shape of the ventricle (in which ESSC is higher than ESSm) may play a role in the transition to a more spherical configuration (the form in which ESSC and ESSm are balanced). Thus, failure to maintain normal ventricular configuration could be related to inadequate hypertrophy as manifested by a diminished mass:volume ratio. In support of this hypothesis, we noted a direct relation between mass:volume ratio and ventricular shape in these patients.
Spherical configuration is advantageous with respect to diastolic function. Diastolic performance is optimized if the ventricle is filled with the least expenditure of energy and at the lowest possible pressure. Because the radius of a sphere is larger than the radius of a cone of comparable volume, the wall stress or distending force is greater for any given pressure in a sphere. This means that the maximum distending force is applied for any given filling pressure when the configuration is that of a sphere; stated otherwise, filling is accomplished at minimum pressure under these circumstances. During systole, however, this change in configuration provides a mechanical disadvantage for the same reason. The optimal systolic shape of the LV is a cone, because it offers the smallest radius and the lowest ESSm and ESS, for any given pressure. 37 Thus, to attain the desired level of arterial pressure (which is set by factors external to the heart), a higher level of stress results from the transition from prolate ellipsoid to sphere. The rise in end-systolic wall stress, the measure of afterload most closely related to systolic function,15 results in a fall in ventricular performance, as seen in these patients. In addition, the rise in total stress (stress-time integral) also increases myocardial oxygen consumption. [38] [39] [40] [41] In addition to the direct global mechanical effects of the shape change, the evolution to a spherical shape might be associated with a modification of fiber orientation within the wall of the LV,42 with a potential mismatch of fiber and wall stress orientation. The disorganization of the normal helicoid orientation of the myocytes43 44could also diminish the twisting motion of the LV in systole.45-47 Theoretical consideration48 as well as common sense indicates advantages of LV squeezing and twisting during contraction, compared in 1669 by Richard Lower49 "with the wringing of a linen cloth to squeeze out the water."
Methodological Issues
The findings of this study are influenced by patient selection. Although study entrance criteria were based on diagnosis without consideration for clinical condition, patients had already been selected on the basis of survival and recommendation for Fontan repair. If, as is likely, preservation of LV function were one of the criteria used to recommend for or against cavopulmonary diversion, this would tend to bias the results toward better outcome and amplify the observed associations. Under these circumstances, the deterioration of ventricular function with age would be overestimated because of the removal of cases with better function from the cohort. Although this limitation is inherent in a retrospective review, the magnitude of the association between age and deterioration in ventricular function is similar to that seen in earlier studies not influenced by the Fontan procedure.'9 The potential limitations of the methodology used for M-mode echocardiographic analysis of LV function have been discussed previously in detail4-6'15 and relate primarily to situations in which the change in diameter does not accurately reflect changes in LV volume because of abnormal ventricular configuration. For this study, M-mode examinations were performed only in subjects in whom the twodimensional echocardiography confirmed a circular short-axis configuration of the LV and the absence of regional dysfunction.12,50 This ensures that the M-mode measurements provide a reasonable estimate of shortaxis area, circumference, area change, and circumference change. In subjects with an abnormal LV long axis: short axis ratio, however, the relation between short-axis area and ventricular volume is not normal. The impact of this change in shape can be appreciated by examining the nonparallel changes in FS and ejection fraction with age ( Table 1) . As can be seen, there was a progressive and significant reduction in FS in the 5-10and 2-5-year-old groups compared with the group <2 years of age, whereas ejection fraction did not change significantly. This discrepancy coincides with the time of maximal shape change, which accounts for the failure of FS to provide an accurate estimate of ejection fraction. This implies that indexes derived from short-axis dimension alone cannot be relied on to provide an accurate same reasons, the change of the relation between ESSm and ESS, associated with the change of ventricular shape implies that ESS, must be used as the index of afterload opposing LV shortening in the circumferential plane (FS and VCFC), as was done for this study.
Because these indexes relate afterload directly to changes in fiber length and rate of change of fiber length, their reliability is not diminished by the change in shape, provided that the correct measure of afterload is used.
Conclusions
Subjects with single LV and systemic-to-pulmonary artery shunt experience a significant age-and preloadrelated deterioration in myocardial mechanics. This deterioration is manifested by a rise in afterload, evolution to a spherical LV shape, the reduction of ventricular systolic performance, and a fall in contractility. When performed early in life, a Fontan operation allows the recovery of systolic function and a significant decrease of ventricular volume and dimension. This recovery is inconsistent when surgery is performed later.
